Objective: To test associations between daytime and nighttime sleep duration and subsequent obesity in children and adolescents.
D
URING THE LAST 3 DEcades, the prevalence of overweight and obesity has increased dramatically among children and adolescents. Obesity-defined as having age-and sex-specific body mass index (BMI; calculated as weight in kilograms divided by height in meters squared) at or above the 95th percentile of national growth standards 1 -has doubled among children aged 2 to 5 years and adolescents aged 12 to 19 years and has tripled among those aged 6 to 11 years. 2, 3 In 2003 to 2004, 17% of children and adolescents were obese and 34% were overweight (defined as having BMI Ͼ85th and Ͻ95th percentiles of the same standards). 3 Short sleep duration may increase the risk of obesity in children and adolescents. Evidence is accumulating from cross-sectional population studies to support a robust contemporaneous relationship between shortened sleep duration and unhealthy weight status in children and adolescents. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In several studies, a strong dose-response relationship is evident with increasing odds of overweight/obesity associated with fewer hours spent sleeping. [7] [8] [9] 12 The mechanisms through which sleep operates to influence the balance between energy intake and expenditure are unknown. Shortened sleep duration has been hypothesized to influence weight status through decreased physical activity due to tiredness and increased energy intake given greater opportunity to eat. 10, 16 An equally compelling pathway may be through influence on the hypothalamic mechanisms that regulate body weight and metabolism via key hormones such as leptin and ghrelin. 10 Hunger and appetite increase with lower leptin levels and higher ghrelin levels, 10, 17 and both low leptin and high ghrelin levels have been linked to short sleep duration in adults [17] [18] [19] [20] ; however, less is known about these relationships in children.
To date, most studies of sleep duration and obesity in children and adolescents have been cross-sectional and it is unknown whether the relationship is truly causal. Very few studies have assessed prospective associations of sleep and obesity. [21] [22] [23] A US sample followed from birth to age 3 years generated 2 studies showing that sleep duration of less than 12 hours in infancy was associated with increased odds of overweight 22, 23 and with higher BMI z scores and skinfold thickness all measured at age 3 years. 23 A third study of 150 children found that children's hours of sleep at ages 3 and 4 years were associated with increased odds of overweight at age 9.5 years. Finally, a study of 900 children in the United Kingdom found that shortened sleep duration at age 3 years was associated with obesity at age 7 years. 16 Population-based studies are required to test these associations over longer follow-up periods and in larger samples. Moreover, longitudinal studies are needed to examine the independent effects of daytime and nighttime sleep on obesity as none of the prior studies made this distinction. Although the precise physiological functions of sleep are not fully understood, daytime sleep and nighttime sleep may have independent functions and thus distinct effects on subsequent obesity. 10, 24, 25 The current study uses existing national, longitudinal, panel survey data collected for children and adolescents to test the following: (1) whether poor sleep in early life has lasting effects on obesity measured 5 years later; (2) whether daytime and nighttime sleep have independent effects on subsequent obesity; and (3) whether the relationship between sleep and obesity is different for adolescents and preadolescents.
METHODS
We conducted a longitudinal analysis of the Panel Survey of Income Dynamics (PSID) Child Development Supplement (CDS) collected for the same children and adolescents in 1997 and again in 2002. Data are in the public domain and the study was approved by the Institutional Review Board of Children's Hospital and Regional Medical Center in Seattle, Washington.
DATA SOURCE
The PSID is a longitudinal survey directed by the National Science Foundation. Since 1968, 4800 families have been followed. In 1997 (ie, baseline) and 2002 (ie, follow-up), a CDS funded by the National Institute of Child Health and Human Development was administered to the primary caregivers of 3563 children aged 0 to 13 years. 26 The CDS questionnaire included detailed demographic data as well as psychological and behavioral assessments of parents and children. Time-use diary data were collected from 1 randomly chosen weekday and 1 randomly chosen weekend day during a school year (SeptemberMay). The time diaries recorded both primary and secondary activities for each child during a 24-hour period. Such time diaries have been used extensively in research and have excellent validity when compared with direct observation of activities. 27, 28 
SAMPLE
Of the 2569 children in the PSID at follow-up, 990 were aged 0 to 59 months (younger cohort) and 1579 were aged 60 to 154 months (older cohort) at baseline. Children were excluded from the study if they were underweight (n=24) or had implausibly low BMI (Ͻ12) or missing BMI at follow-up or if they had missing time diary data that provide the estimates of sleep time. The total final sample size was 822 children in the younger cohort and 1108 children in the older cohort at baseline measurement. We selected age 5 years as the sample cut point for assignment to the younger vs older cohort to account for differences in sleep patterns between preschoolaged and school-aged children. By age 5 years, the vast majority of children do not take naps. 25 Of the older children, 125 were missing BMI at baseline. Accordingly, the models that included baseline BMI were estimated with a sample size of 983. The BMI at baseline was not available for the younger children because height and weight were not assessed in the 1997 survey for children younger than 5 years.
DEPENDENT VARIABLE
The dependent variable was BMI in 2002, converted to age-and sex-specific z scores using the 2000 growth charts published by the Centers for Disease Control and Prevention 3 and trichotomized based on established cut points: normal weight (BMI Յ85th percentile), overweight (BMI Ͼ85th and Ͻ95th percentiles), or obese (BMI Ն95th percentile). Both height and weight were measured at follow-up, whereas at baseline the height of children aged 5 years and older was measured and their weight was recorded from parental report.
INDEPENDENT VARIABLES
Family time data were used to calculate the average duration of daytime and nighttime sleep in hours at baseline and at followup. Sleeping hours differ with normal growth and development, with younger age associated with longer sleeping hours. 25, 29, 30 Accordingly, we developed age-normalized sleep scores for each child in the data set using external norms derived in a large sample of Swiss children. 29 While Swiss children tend to sleep a little more on average than the children in this study, using an external data set has the advantage of avoiding the additional estimation error that would come from using within-sample norms, particularly given the relatively small sample size. No other data sources were found that could be used to compute sleep norms in US children across our study's age range, and no articles describing such norms were found. The age-specific sleep scores were used to develop dichotomous indicators of low sleep for age-identifying those children below the 25th percentile in sleep for age-separately by category of daytime sleep and nighttime sleep. The 25th percentile was chosen to identify children and adolescents who get a low amount of sleep for their age while classifying enough of them as having low sleep to retain adequate statistical power.
More than 90% of children in the sample did not nap at follow-up when all were at least aged 5 years, and most of those who napped did so for a very short duration (Ͻ30 minutes). The results were completely robust to the inclusion of napping at followup; however, as this variable contained little information and was not significant, it was subsequently dropped from the analysis.
COVARIATES
All regression models control for child and family attributes that could affect sleep and obesity. Covariates include child age [reference]; youngest; middle; oldest), family income in 1997 (in dollars, log-transformed), maternal education at baseline (in years, log-transformed), the child's birth weight (in grams), and the mother's and father's BMI (each self-reported in 1999). The parents' BMI is a proxy for both the diet and physical activity patterns in the household as well as genetic factors that might influence the child's BMI. Indicator variables were included for low birth weight (Ͻ2500 g), macrosomia (Ͼ4500 g), and presence of the father in the household (each coded 1 for yes or 0 for no). Television viewing and other media may disrupt sleep patterns of children and adolescents 31 ; therefore, continuous variables representing the hours per day of entertainment television and noncommercial television (eg, educational programs or DVDs) watched at baseline and at follow-up were included as controls. For the older cohort only, time diary data were used to compute the hours per day in which the child engaged in physical activity at baseline and at follow-up.
For children older than 5 years, the child's baseline BMI z score was controlled to account for the possibility that an association between sleep duration and subsequent obesity reflects an unmeasured tendency of obese children to sleep fewer hours. As height and weight were not measured for the younger cohort at baseline, it was not possible to include baseline BMI in regression models for this age group.
None of the covariates had more than 10% missing data. For each, missing data points were imputed with the sample mean or mode. An alternative approach of dropping observations from the sample if covariates were missing produced similar findings.
STATISTICAL ANALYSIS
All statistical analysis was conducted with Stata version 10.1 statistical software (StataCorp LP, College Station, Texas) and developed separately for the younger and older cohorts. Two models were estimated in the older cohort, one including baseline BMI and one without this variable. Results from the 2 models were compared to assess the contribution of baseline BMI with the estimated association between sleep duration and subsequent BMI. This comparison allows us to gauge whether missing baseline BMI in the younger cohort is likely to affect the results. Because the dependent variable included 3 ordered categories, ordered logistic regression 32 was used to model child weight status at follow-up as a function of sleep duration at baseline and at follow-up, controlling for all covariates and, for children older than 5 years, the child's baseline BMI. The assumption of proportional odds required for ordered logistic regression was tested formally. In all models, sampling weights were used to account for the complex sampling design and to allow inferences valid for the population.
RESULTS
The characteristics of the study sample are summarized in Table 1 . At follow-up, 33% of the younger cohort and 36% of the older cohort were overweight or obese. On average, the younger cohort slept approximately 10 hours per night in 1997 and 2002 and napped for about an hour each day at baseline. Sleep duration in the older cohort averaged 9.7 hours per night at baseline, 9.2 hours per night at follow-up, and only 12 minutes of daytime sleep at baseline.
The sleep variables were not highly correlated (results not shown), with respective correlation coefficients in the younger and older cohorts of r = −0.23 and −0.14 for baseline napping and baseline nighttime sleep, 0.08 and 0.02 for baseline napping and nighttime sleep at follow-up, and 0.08 and 0.21 for nighttime sleep at baseline and follow-up. Figure 1 and Figure 2 describe the cutoff points used to identify low sleep (defined as Ͻ25th percentile) in the younger and older cohorts, respectively. A 2 test statistic failed to reject the null hypothesis of parallel odds, with P values of .45 for the younger cohort and .70 for the older cohort. Further investigation confirmed that the sleep variables did not individually violate the assumption of parallel odds. Therefore, results are reported for the ordered logit models in Table 2 . Because the parallel odds assumption is met, the ordered logit results can be interpreted as the odds of a shift from normal weight to overweight or as the odds of a shift from overweight to obesity.
YOUNGER COHORT
For the younger children (Table 2 , model 1), low nighttime sleep at baseline was significantly associated with increased odds of overweight (vs normal weight) and increased odds of obesity (vs overweight) at follow-up (odds ratio = 1.80; 95% confidence interval, 1.16-2.80). Daytime sleep at baseline and nighttime sleep at follow-up were not associated with subsequent obesity in this cohort.
OLDER COHORT
In the older cohort (Table 2 , model 2), low nighttime sleep at baseline was not associated with any shift in weight status at follow-up. Contemporaneous sleep, however, was associated with increased odds of a shift from normal weight to overweight or from overweight to obesity at follow-up (odds ratio=1.80; 95% confidence interval, 1.16-2.81). The association of nighttime sleep at follow-up and obesity was attenuated with the inclusion of baseline BMI, while the estimate for nighttime sleep at baseline remained unchanged ( Table 2 , models 2 and 3).
COMMENT
In a national sample, we found a robust longitudinal association between duration of nighttime sleep in early life and subsequent obesity measured at ages 5 to 9 years. These findings persisted when controlling for contemporaneous sleep and other important confounding variables including parents' BMI, family socioeconomic status (parental education, income, single parent), and hours of television viewed. For the younger cohort, duration of sleep at baseline was more closely associated with obesity at follow-up than was duration of nighttime sleep at follow-up. In the older cohort, nighttime sleep at follow-up was associated with marginally increased odds of obesity at follow-up, while sleep duration 5 years prior had no significant effect. These findings suggest that there is a critical window prior to age 5 years when nighttime sleep may be important for subsequent obesity status.
Our findings also indicate that daytime sleep had little effect on subsequent obesity at any age. This result sug- gests that napping is not a substitute for nighttime sleep. There is some evidence that nighttime sleep and naps serve different physiological functions. Naps may reduce daytime psychosocial stress, increase attention span, and increase alertness for learning, while nighttime sleep involves complex biological, psychosocial, and restorative functions. 10, 24, 25 Problem napping and disruptive behaviors are associated with higher cortisol levels and shorter nap duration. 24 Interestingly, some variables associated with obesity in other work, 2 notably race/ethnicity, were not significant in our models. Significant racial/ethnic disparities have been reported in nighttime sleep duration. 33 Consistent with our results, sleep duration may be a plausible contributor to well-documented racial/ethnic disparities in obesity.
Study strengths include a large, nationally representative sample and data collected at 2 points 5 years apart, which permit assessment of causal ordering in the relationship between sleep and obesity. Interpretation of the study findings is, however, subject to limitations. The PSID CDS collects sleep data for only 2 days in a year-a random weekday and a random weekend day. With only 2 measurements, the reported sleep patterns may not reflect the children's usual sleep patterns throughout the year. The resulting measurement error may introduce a conservative bias into the analyses. Second, BMI at baseline was not measured for the younger children. We did control for parents' BMI, which is positively associated with child's BMI 34 and is expected to capture much of the variance associated with the tendency of children to be overweight at such a young age. More importantly, the estimates of the contribution of nighttime sleep at baseline in the older cohort were similar with and without baseline BMI, suggesting that the exclusion of baseline BMI in the younger cohort would be unlikely to alter the main study findings. Third, physical activity and diet are potential confounders of the associations of sleep with obesity. Few variables are available in the PSID to measure diet, and those available were of insufficient quality to be included in the regression models. Our results were robust to the inclusion of the number of hours per day the child engaged in physical activity. Furthermore, inclusion of parents' BMI in the models serves as a proxy for the diet and physical activity patterns in the household. Fourth, weight for children at baseline was obtained by parent report, which could lead to misclassification, especially for the older children in the cohort for whom parents may minimize problems with overweight. 35, 36 Accordingly, the associations we report may be conservative.
Sleep duration is a modifiable risk factor with potentially important implications for obesity prevention and treatment. Insufficient nighttime sleep among infants and preschool-aged children appears to be a lasting risk factor for subsequent obesity, while contemporaneous sleep appears to be important to weight status in adolescents. Napping had no effects on the development of obesity and is not a substitute for sufficient nighttime sleep. Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); CI, confidence interval; OR, odds ratio. a The younger cohort includes those aged 0 to 59 months at baseline; the older cohort includes those aged 60 to 154 months at baseline. Model results are interpreted as the odds of shifting from normal weight to overweight or from overweight to obesity. All models also controlled for age, sex, birth weight, father present, hours per day of television viewing, birth order, and urban residence.
b Low sleep is defined as less than the 25th percentile of age-specific norms. 
